BACKGROUND: Skeletal muscle dysfunction occurring as a result of ICU admission associates with higher mortality. Although preadmission higher BMI correlates with better outcomes, the impact of baseline muscle and fat mass has not been defined. We therefore investigated the association of skeletal muscle and fat mass at ICU admission with survival and disability at hospital discharge.
Skeletal muscle dysfunction, which encompasses wasting and weakness, 1,2 is associated with ICU mortality, 3, 4 failure to wean from mechanical ventilation, 5 and ICU readmission. 6 In ICU survivors, muscle dysfunction persists for years despite the full recovery of other organ functions, 7, 8 and postdischarge weight gain occurs primarily by an increase in fat and not lean body mass. 9 Baseline skeletal muscle mass reflects nutritional status, which is associated with survival as well. 10 Although the relevance of muscle wasting occurring during 1, 5, 11, 12 and following 7, 8, 13 ICU admission is well established, there are no substantial data regarding the association of preadmission muscle mass with survival and other clinically relevant outcomes. Previous retrospective data suggest that larger peri-admission muscle mass and protein content are associated with improved prognosis 14, 15 ; however, muscle mass was determined in those reports up to 4 days following ICU admission when significant muscle wasting may have already occurred. 1 Thus, these studies did not specifically address the association of pre-ICU admission muscle mass with important clinical outcomes.
Moreover, although evidence indicates that preadmission body weight influences ICU outcomes, 16 the independent contribution of baseline muscle and fat mass to the survival of ICU patients remains unclear.
The present study analyzed the association of muscle and fat mass determined within 24 h of ICU admission with survival and other outcomes. Our central hypothesis was that patients with greater admission muscle mass would have a better prognosis compared with wasted individuals and that adipose tissue mass would be relatively less relevant on patients' outcomes.
To test that hypothesis, data were collected on the muscle mass using the surrogate of the pectoralis muscle area (PMA) as determined according to chest CT scans performed within the first 24 h of ICU admission. Fat mass was assessed on these chest CT scans by using the surrogate of subcutaneous adipose tissue (SAT) area at the level of seventh to the eighth thoracic vertebral body (T7-T8). We also collected follow-up data on the patients' clinical outcomes over time. Some of these results have been previously reported in abstract form.
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Patients and Methods
This prospective, single-center, observational study included adult subjects admitted to the medical ICU (MICU) of Albany Medical Center. Ethical approval was obtained from the Albany Medical College Committee on Research Involving Human Subjects (institutional review board no. 4281). Enrollment occurred between November 2015 and February 2017. Patients were considered for enrollment if they were aged > 18 years, admitted to the MICU, required a chest CT scan within the first 24 h of MICU admission, and were anticipated to require an ICU stay > 24 h. Exclusion criteria were primary neuromuscular pathology, acute illness leading to imminent death, or chronic illness with a life expectancy < 6 months. Enrollment was attempted on all eligible patients, and written consent was obtained from the patient or a legally authorized representative.
Preliminary analysis of the data indicated that about 112 events would need to occur to reach a significant effect of PMA on mortality at 6 months, which led to a cohort size of about 400 patients given a mortality rate of 30% and a 90% follow-up efficiency at the time of that analysis. Enrolled patients were monitored daily for survival, length of ICU stay, and disposition at discharge. Survival at 6 months was determined either by hospital documentation or telephone communication.
PMA measurements were performed as previously established 18 by using a single axial slice of the CT scan with in-house software. In short, a single reader blinded to patients' identity and clinical characteristics visually identified the first axial image above the superior aspect of the aortic arch. Muscles were manually shaded by using a predefined attenuation range of -50 and 90 HU, and the PMA was computed as the aggregated area in square centimeters of the right and left pectoralis major and minor muscles assessed in this axial plane (Fig 1) . The intraobserver PMA measurement variability was determined in 20 CT scans randomly selected that Figure 1 -Sample CT scans used to determine muscle area in our cohort. A, Relatively nonwasted. B, Relatively wasted. Red indicates right pectoralis major muscle; green indicates left pectoralis major muscle; blue indicates right pectoralis minor muscle; and yellow indicates left pectoralis minor muscle.
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were remeasured at least 6 months apart; differences were found to be not significantly different from zero (bias ¼ -0.0875 cm 2 with limits of agreement AE0.54 cm 2 ) (e- Table 1 ). SAT was measured as previously described, at the level of T7-T8 thoracic vertebral body 19 (e- Fig 1) . A more detailed explanation of methods can be found in e-Appendix 1.
Statistical Analysis
The primary outcome variable was 6-month survival, and secondary outcomes were hospital survival, disability at hospital discharge, and ICU-free days to day 28, which is a composite outcome that aggregates length of ICU stay and survival (patients who stay in the ICU for $ 28 days and patients who die in the ICU are given a score of 0). 20 We chose different covariates a priori based on previous literature and clinical relevance, and then assessed how they associated with categorical outcome measures by using logistic regression models. To study how continuous outcomes measures are explained by covariates, linear regression models were fit. Univariate and multivariable logistic regressions were performed by using Minitab Statistical Software (Minitab, Inc.) with significance accepted at a two-tailed alpha of 0.05.
To build the multivariable models, we determined how covariates were related to the outcome of interest via correlations in the first stage.
Those that were associated with a significant P value # .2 were retained, and standard stepwise model selection routines were then followed. To assess goodness of fit of the multivariable models, Akaike information criteria as well as likelihood ratio test statistics were compared. We also checked the plausibility of linearity as well as normality assumptions. Both Acute Physiology and Chronic Health Evaluation II and Sequential Organ Failure Assessment scores were calculated in every patient, but given the strong collinearity among them and to minimize overfitting, only the Sequential Organ Failure Assessment scores were included in the multivariable analysis.
Disability at discharge was analyzed as discharge location with three possible outcomes: (1) in-hospital death; (2) discharge to a facility or home with assisted living required (discharged not independent); or (3) discharge to home without assisted living required (discharged independent). These variables were analyzed by using ORs for these outcomes, which were determined by nominal logistic regression.
Comparison of PMA and SAT among these three groups was performed according to ANOVA with Tukey test for multiplicity. Several post hoc analyses were performed to further investigate interaction effects related to sex.
Results
A total of 488 MICU patients were considered eligible for this study, of whom 403 (83%) were included, and 85 (17%) were excluded (Fig 2) . Two patients were later excluded due to technical limitations in determining muscle area on CT imaging, leaving 401 patients who were analyzed. SAT was technically not measurable in 10 CT scans, which left 393 patients analyzed for that variable. The demographic data are shown in Table 1 ). The average age of the cohort was 62 years, and there was a slight male predominance (55.6%), and consistent with previous reports, 18 PMA was weakly inversely correlated with age (e- Fig 2) . Of the 401 patients enrolled and analyzed, 58 (14%) died in the hospital, and 343 (85%) were discharged alive. Among these survivors, 228 (66%) regained independence, and 115 (33%) were not independent at discharge. At 6 months, 266 patients were alive, 127 had died, and eight could not be reached to determine status. Data on these eight missing patients were not included in the 6-month survival analyses. Most of the patients (61%) underwent CT chest scanning to investigate possible pulmonary embolism (32%), respiratory distress (15%), or suspected pneumonia/atelectasis (14%) (e- Table 2 ). Information regarding the primary cause of ICU admission of patients from the study cohort compared with the general ICU population during the enrollment period is presented in e- Tables 3 through 5 .
Effect of Admission PMA on Outcomes
Larger PMA was significantly associated with the odds of survival at 6 months (OR, 1.03 per cm 2 increase in PMA; 95% CI, 1.01-1.04; P < .001). Figure 3 illustrates the survival difference between patients whose muscle area was above or below the median PMA value (logrank test, P < .001). Also, larger PMA was significantly associated with lower likelihood of in-hospital death (OR, 0.96 per cm 2 PMA; 95% CI, 0.93-0.98; P < .001) ( associated with independent vs nonindependent living immediately following hospital discharge (OR, 0.99 per cm 2 PMA; 95% CI, 0.98-1.01; P ¼ .56) (Fig 5) . In a multivariable analysis, the association of PMA with 6-month and hospital survival, and with ICU-free days, persisted even after adjusting for other covariables, including severity score and admission albumin (Table 3, e-Tables 6, 7 , 11-15); and it remained not associated with disability at hospital discharge (e- Table 8 ).
Effects of Admission SAT on Outcomes
There was no significant association between SAT and survival at 6 months (OR, 0.99; 95% CI, 0.997-1.001; Table 2 ). The lack of significant associations persisted even after incorporating SAT in the multivariable modeling for 6-month mortality (P ¼ .785) (Table 3 ) and the other outcomes measures (e- Tables 6-8 ).
The Effect of Sex on the Association of PMA With Outcomes
A post hoc analysis indicated that the association of PMA with outcomes was consistent between sexes: larger muscle mass was associated with better outcomes. However, there were differences of magnitude depending on the sex: PMA association with ICU-free days appeared more robust in female patients than in male patients (Table 4 ) despite no significant differences in baseline clinical characteristics, except for a larger SAT in female patients (e- Table 9 , Table 5 ). This post hoc analysis also suggested that smaller muscle mass may be associated with higher odds of disability at discharge in male patients but not in the overall cohort ( Table 2 ). The described results used the correction factor for female muscle size. 21, 22 However, whether using the female correction factor, correcting for ideal body weight, 23 or not using any correction method, the effects of PMA over 6-month survival, ICU-free days, and hospital survival remained statistically significant; At 6 months, 266 patients were alive, 127 had died, and eight could not be reached to determine status. P < .001, log-rank test. Pectoralis MA values for female patients were multiplied by 1.67 in this analysis. MA ¼ muscle area.
chestjournal.org and the effect of PMA over disability at hospital discharge remained nonsignificant (e- Table 10 ).
Discussion
In the study cohort of 401 patients admitted to an ICU, we report a significant association of larger admission PMA with higher 6-month and hospital survival and more ICU-free days. This effect on survival persisted even after adjusting for other variables, including severity score, admission albumin and subcutaneous fat, and exercise limitation represented by the modified Medical Research Council (mMRC) score. Consistent with the fact that pectoralis muscles are not involved in locomotion, PMA was unable to predict, among the survivors, the regaining of independent life at discharge vs the need for assisted living. We believe that PMA likely reflects the general health status 24 and is a marker of prehospitalization frailty. 25, 26 A post hoc analysis of our data suggests that the association of PMA with ICU-free days was statistically significant in female patients but not in male patients; also, smaller PMA predicted a greater likelihood of disability at hospital discharge only in male patients. We found no obvious cause for this finding, including prehospital morbidities, preadmission albumin, mMRC score, age, severity of disease, or reason for admission to the ICU; however, SAT was larger in female patients. Although these conclusions are necessarily speculative given the post hoc approach, future research specifically designed to assess sex-specific effects on muscle turnover in the context of critical illness could potentially add insights concerning our findings. Indeed, although the present research did not address the mechanisms of muscle wasting in critical illness, other data revealed fewer muscle satellite (stem) cells in ICU survivors, 7 and these cells have been found to work more efficiently in female animals than in male animals, 27 which suggests SAT measured at the T7-T8 level. Discharged not independent P < .001 P = .56 P = .006 Figure 5 -Distribution of PMA stratified according to patient disposition at discharge. Comparison among three groups was done by ANOVA with Tukey test for multiplicity. The groups are different (ANOVA, P < .001), with died in hospital vs discharged independent (P < .001), died in hospital vs discharged not independent (P ¼ .006), and discharged independent vs not independent (P ¼ .56). (Definition of discharged independent and not independent are given in the Patients and Methods section.) PMA values for female patients were multiplied by 1.67 in this analysis. For box plots, center line is median, upper and lower lines are 75th and 25th percentiles, and whiskers are the nonoutlier range (< 1.5 interquartile range from box). See Figure 4 legend for expansion of abbreviation.
ICU-free days to day 28
Died during hospitalization
that female subjects could possibly have different muscle regeneration capacity compared with male subjects during and after critical illness.
To our knowledge, this analysis is the first large prospective study that has investigated the association of skeletal muscle mass at the time of ICU admission with survival. Previously, a retrospective study focused on elderly ICU patients found an association of admission lumbar muscle mass with ICU-free days and mortality. 28 However, sarcopenia, the muscle loss associated with advanced age, 29, 30 is a distinct entity that cannot be extrapolated to younger populations. 31, 32 Other retrospective data also indicated that peri-admission lower lumbar muscle area is associated with ICU mortality and with discharge to a nursing home. 15 Because the muscle measurements in that study had taken place up to 4 days following ICU admission, 15 it is conceivable that it aggregated a significant percentage of patients who developed muscle wasting during their ICU stay with those who had muscle wasting prior to the admission. Indeed, there is consistent evidence that accelerated muscle wasting occurs early in the ICU course. 1 It is also possible that the association of PMA with ICU outcomes is different from other muscle groups' similarly to the heterogeneous effects of diverse muscle areas on COPD prognosis.
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The present analysis was also the first to explore the association of fat mass at the time of ICU admission with survival, and no significant correlations were found. Although previous evidence indicates that higher preadmission weight associates with better post-ICU status, 16 it is unclear which body compartment accounted for the weight's salutatory effect in that study. Indeed, it has been reported that obesity associates with greater survival in critical illness 33 and that extreme obesity is not associated with worse survival advantage than normal weight. 34 Thus, it is plausible that fat, and not muscle, contributes to better outcomes reflected by greater weight. Although our data do not necessarily challenge the beneficial 35 or harmful 36 effects of obesity on ICU prognosis, we found that admission SAT measured at the T7-T8 level had no association with all of the impactful ICU outcomes that we explored a priori, whereas PMA was associated with several of these outcomes, including survival. Significant P values shown in bold font. See Table 1 legend for expansion of abbreviations.
a PMA values for female subjects were multiplied by 1.67 in this analysis. Disability at hospital discharge reached significance in male subjects and not in female subjects. d Hospital mortality reached significance in both sexes.
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The persistence of the association of muscle wasting with mortality after adjusting for other covariates suggests a potential benefit for incorporating muscle mass into scoring systems used to predict ICU outcomes, particularly with the development of standardized bedside muscle ultrasound techniques. 37, 38 These data could also stimulate interest in determining if muscle-survival association portends causality 39, 40 and whether preventing or reversing muscle wasting potentially entails mortality benefits in critical illness. Indeed, the present data suggest that optimizing muscle status in patients at risk of developing critical illness such those planning to undergo major surgery may improve outcomes.
The main strengths of the present study are the large size of the study cohort and the prospective study design. In addition, the selection of the pectoralis muscle, which is easily measurable 41 and not necessarily associated with a specific functional domain such as locomotion or ventilation, allowed us to assess the systemic/global effects of muscle wasting on ICU outcomes. Furthermore, pectoralis muscles have both type I (oxidative) and type II (glycolytic) fibers, 42 and thus PMA assessment reflects muscle wasting even in the presence of comorbidities that exhibit selective fibertype atrophy. 43 Our study has some limitations. First, it was performed at a single institution, and although the admission diagnoses of the study cohort were diverse, it is possible that the distribution of diagnoses is not generalizable to other ICUs. Second, chest CT scans were performed for a clinical indication and not as part of a study protocol. Because certain diagnoses are more frequently evaluated by using chest CT scan than others, there may have been a significant selection bias in the cohort. However, this bias is unlikely to significantly compromise the generalization of the current findings as the study cohort mirrored the characteristics of patients analyzed in a systematic review of high-quality, prospective data involving 31 ICU studies and 3,905 patients, 44 in which 39% of ICU admissions were due to respiratory failure (42% in the present cohort); 15% were due to sepsis (17% in the present cohort); and average age in these studies was 61 years (62 years in the present cohort). Third, the use of the PMA surrogate of muscle mass in ICU patients has not been validated, although accumulating literature describes its use in healthy 41 and chronically ill 18, 45 patients. Likewise, although SAT measurement at the T7-T8 level has not been validated for ICU patients, it has been shown to be highly correlated with the thoracic adipose tissue volume and with BMI. 19 Fourth, because patients were enrolled after they had already developed critical illness, we had to select a surrogate measure of prehospitalization mobility status. Although previous research has used dichotomized surrogates of preadmission exercise capacity such as the ability to ambulate up 10 stairs before hospitalization, 46 we chose the mMRC score because of its simplicity, very high interobserver agreement, and adequate correlation with other scoring systems. 47 We realize that the mMRC is potentially confounded by cardiopulmonary limitations and other factors. However, as many of our patients were unable to cooperate with the evaluation, volitional tests such as the MRC muscle strength scoring system or other direct muscle evaluations were not feasible. 48 Fifth, muscle dysfunction effect on disability at hospital discharge could potentially be influenced by sedation or mobilization protocols, which we could not correct for given the strong collinearity with days in the ICU and receiving mechanical ventilation, both incorporated to the ICU-free days to day 28. Future studies powered for these corrections could determine the interaction between baseline muscle mass, disability at hospital discharge, sedation, and mobilization protocols.
Conclusions
These data show that admission muscle mass of ICU patients is associated with 6-month survival, ICU-free days, and hospital survival. Because all these outcomes are highly relevant, we postulate that further investigation of muscle turnover in the ICU patient may clarify whether better muscle mass can lead to improved outcomes. Preadmission muscle mass may be a useful biomarker for important ICU outcomes. SAT was not associated with disability and survival during and following critical illness.
